Dopaminergic brain structures like the nucleus accumbens (NAc) are thought to encode the incentive salience of palatable foods motivating appetitive behaviour. Animal studies have identified neural networks mediating the regulation of hedonic feeding that comprise connections of the NAc with the ventral tegmental area (VtA) and the lateral hypothalamus (LH). Here, we investigated how structural connectivity of these pathways relates to individual variability in decisions on sweet food consumption in humans. We therefore combined probabilistic tractography on diffusion imaging data from 45 overnight fasted lean to overweight participants with real decisions about high and low sugar food consumption. Across all individuals, sugar preference and connectivity strength were not directly related, however, multiple regression analysis revealed interaction of mesolimbic structure and sugar preference to depend on individuals' BMI score. In overweight individuals (BMI: ≥25 kg/m², N = 22) higher sugar preference was thereby specifically related to stronger connectivity within the VTANAc pathway while the opposite pattern emerged in participants with normal BMI (BMI: <25 kg/m², N = 23). Our structural results complement previous functional findings on the critical role of the human mesolimbic system for regulating hedonic eating in overweight individuals.
The consumption of high sugar diets is a discussed risk factor for obesity and type 2 diabetes 1 . The palatability of sugar has been linked to dopamine release in the nucleus accumbens (NAc) in rodents 2 and there is evidence for neural adaptations in the NAc in response to excessive sugar intake 3, 4 . The NAc is considered a key structure in the regulation of appetitive behaviour 5, 6 . More generally, the neural control over the motivation for palatable food consumption has been predominantly assigned to dopaminergic circuits which are directly linked to homeostatic networks and metabolic signals [7] [8] [9] . Accordingly, direct stimulation and optogenetic findings in rodents have identified a metabolic-reward feeding regulation network comprising hypothalamic-mesolimbic pathways in which lateral hypothalamic (LH) signalling can activate dopaminergic midbrain structures such as the ventral tegmental area (VTA) 10 . Given strong reciprocal connections between the VTA and NAc 5 , increased activity in the VTA increases DA release into the NAc and thus affects the incentive salience of food 11 . The NAc then feeds back to inhibit LH GABAergic neurons and hereby reduces feeding drives 12 . Interestingly, while the mesolimbic pathway is well known for triggering reward-oriented behaviour 5, 6 , recent studies demonstrate the NAc-LH pathway to also be specifically involved in hedonic eating regulation. In detail, optogenetic stimulation of the NAc shell D1R -LH GABA pathway suppresses licking for a palatable reward 13 . Moreover, this connection has recently been associated with the inhibition of alcohol seeking behavior again due to D1-projections in this pathway 14 . How individual characteristics of structural connectivity within this accumbal network are related to appetitive eating behaviour in humans, however, is less understood.
Neuroimaging studies in humans 15 and rodents [16] [17] [18] as well as in knock-out mouse models 19 show that experience-dependent plasticity and white matter dynamics contribute to learning and behaviour. Myelin changes through learning are partly explained by the integration of oligodendrocyte precursor cells which are capable of integrating new myelin even in adulthood 20 . Neural plasticity in mesolimbic structures has been observed in response to both drugs and natural rewards 21, 22 . Thus, it could be speculated that reinforcement learning related to perpetual hedonic food consumption may trigger plastic changes in accumbal pathways, as previously suggested from data in rodents 3, 4 . Probabilistic tractography of white matter tracts allows studying structural connectivity in specific networks of the human brain. Several studies demonstrate direct associations between individual differences in behaviour and white matter connectivity (for an overview see 23 ) , thereby complementing functional measures as provided by functional MRI. In the context of ingestive behaviour, studies on white matter tractography have reported both decreased and increased integrity of white matter tracts in obese compared to normal weight individuals 24, 25 , with some data indicating reduced connectivity in reward networks 25, 26 , while others report increased white matter integrity of accumbal circuits 24 in participants with higher BMI scores. One reason for this apparent controversy, besides genetic variability 27, 28 , might be the uncontrolled impact of individual eating behaviour on brain structure. By now, however, no study has combined measures of hedonic eating behaviour with white matter integrity in reward pathways in the human brain.
In this study we aimed to elucidate the association between structural connections of the NAc-feeding regulation circuit and individual preferences to consume sweet food. Specifically, we investigated to what extent real decisions about sweet food consumption are related to individual characteristics of white matter tracts connecting the NAc with the VTA and the LH, as identified by probabilistic tractography. Since we expected an impact of current weight status on structure-function associations, our sample included both normal and overweight individuals.
Results
Behavioural data. Forty-five participants were presented with a randomized series of 140 visual food stimuli, depicting food items with varying degrees of sugar content (mean sugar content: 16.48 g/100 g, SD = 19.34, range: 0-78, see Supplementary Table S1 for a list of food items). In a two-step procedure, participants were asked whether they want to eat a mouthful of the displayed food ('Yes' versus 'No'). The decision was followed by a detailed four-point rating indicating how much they want ('+' = weakest wanting, '++++' = strongest wanting) or refuse ('−' = weakest rejection,'− − − −' = strongest rejection) to consume each food (Fig. 1a,b) . These two steps were combined to a single wanting value per item, ranging from 1 (first response = 'no' , second response = '− − − −'), the strongest rejection, to 8 (first response = 'yes' , second response = '++++') the strongest wanting to consume the food. Importantly, participants were informed that they would be offered and have to eat a mouthful of one randomly selected preferred food item after the experiment. To address our research questions, food items were analyzed with respect to sugar and fat content (control condition). As a marker of sugar (fat) wanting, within-subject Pearson correlations were computed between the trial-wise 8-point combined rating score and the sugar (fat) content of each item: i.e. sugar wanting index = corr(g sugar/100 g, combined wanting score). Hereby, higher correlations can be considered as a stronger willingness to consume food with high sugar (fat) content.
On average, participants wanted to consume ("yes"-decision) 41 .17% (SD = 16.91) of the 140 food items. The mean parametric willingness to consume the food on the 8-point combined rating scale was 4.02 (SD = 0.73, Fig. 1c ). Neither the sugar wanting index (mean r = 0.02, SD = 0.21) nor the mean fat wanting index (mean r = 0.02, SD = 0.16) differed from zero (all p > 0.32, Fig. 1d ), i.e. across all participants there was no significant effect of sugar or fat content on food preferences. As obvious in Fig. 1d , however, there was considerable variability in individual correlation coefficients. www.nature.com/scientificreports www.nature.com/scientificreports/ Across all participants, none of these behavioural measures was directly related to individual BMI scores (all p > 0.21) nor differed between groups with normal (BMI < 25 kg/m², N = 23) and overweight BMI (BMI ≥ 25 kg/m², N = 22) (all p > 0.16).
White matter connectivity strength and interactions with behaviour. A regions of interest (ROI)
based approach was used to analyse the strength of structural connections between the NAc and the VTA as well as the NAc and the LH. Tracking was performed in both directions for each pathway and resulting streamlines were summed to obtain a single connectivity measure per pathway. Since we had no hypotheses on lateralization, data were collapsed across hemispheres. Connection probability was then defined as mean number of streamlines per voxel sampled (= sum of streamlines across all voxels from a specific tract divided by the number of voxels in the individual seed and target masks of this tract 29 ; see Methods for further details). Group tractography results of both tracts are illustrated in Fig. 2a,b . The connectivity index of neither VTA-Nac nor NAc-LH was directly correlated with BMI (all p > 0.64), nor was there any difference between BMI groups (all p > 0.33, see Fig. 2c ). There was also no direct correlation between connectivity strength and sugar or fat wanting (all p > 0.21). See Supplementary Results for further details on tract differences.
In the next step, we tested more complex brain-behaviour interactions with respect to weight status 30, 31 , i.e. we tested whether white matter connectivity strength in accumbal pathways is differentially related to hedonic eating behaviour in participants with higher or lower BMI scores. To this end, we built two multiple regression models in which individual within-subject correlation indices of sugar wanting (i.e. sugar wanting index) served as the dependent variable while either (Reg. 1) mean centered VTA-NAc connectivity index, BMI, as well as the BMI interactions with VTA-NAc (BMI x VTA-NAc) or (Reg. 2) mean centered NAc-LH connectivity index, BMI as well as BMI interactions with NAc-LH (BMI x NAc-LH) were entered as independent predictors.
Results showed that the regression model Reg. 1 including VTA-NAc was highly significant, i.e. explained significant variability in sugar wanting (R 2 = 0.34, F(3,41) = 7.03, p = 0.001). This was driven by a significant predictive value of the interaction between BMI and VTA-NAc connectivity strength (β = 0.56, p < 0.001; Supplementary Table S2 ). In contrast, the regression model Reg. 2 including NAc-LH revealed no significant results (R 2 = 0.04, F(3,41) = 1.97, p = 0.13). The specificity of the VTA-NAc result was further tested in a third regression model including both tracts, BMI and their interactions. Underlining the results from Reg. 1, the model explained significant variability in individuals' sugar wanting index (R = 0.38, F(5,39) = 4.79, p = 0.002) again uniquely by BMI interaction with VTA-NAc connectivity (β = 0.62, p < 0.001). The control analyses including fat wanting (Reg. 1-3), in contrast, revealed no significant results (see Supplementary Table S2) .
In order to further illuminate the significant impact of the interaction between BMI and VTA-NAc connectivity on sugar wanting, we directly tested for BMI effects on structure-function interactions. Results revealed a significantly positive correlation (r = 0.44, p = 0.002), i.e. individuals with higher BMI scores demonstrated a stronger positive interaction between sugar preference and VTA-NAc connectivity (Fig. 3a) . To finally investigate the nature of structure-function interaction in different BMI groups, we tested the correlation between VTA-NAc connectivity and sugar wanting index separately for participants with normal BMI scores (BMI norm ) and overweight participants (BMI over ). Results demonstrate a significantly positive correlation between sugar wanting and VTA-NAc connectivity in overweight subjects (r = 0.53, p = 0.012) and a trend towards significance for a negative structure-function interaction in the normal weight group (r = −0.39, p = 0.068) (Fig. 3b) . Consequently, correlations differed significantly between groups (Z = 3.13, p = 0.001).
Discussion
Our findings reveal distinct patterns of associations between white matter brain structure and sugar preference in normal-and overweight participants. In fasted overweight individuals, estimated connections between the NAc and the VTA predicted the motivation to consume sweet food. The stronger the white matter connectivity within this mesolimbic pathway, the more individuals' food wanting was driven by the sugar content of foods. Importantly, this finding was restricted to overweight individuals while in normal weight participants, we observed a trend towards an opposite association, i.e. mesolimbic connectivity was related to less sugar wanting. Findings were restricted to the VTA-NAc pathway which has recently been related to motivational behaviour including palatable food seeking and consumption in rodents 12, [32] [33] [34] and the regulation of hedonic food choices [7] [8] [9] 11 . Previous studies found that sucrose licking leads to increased levels of dopamine in the NAc of rats 2, 35 and that binge-like sucrose consumption results in an increase in extracellular dopamine in the NAc 3, 36 . Especially the NAc-shell has thereby been found to encode the palatability and reward of sucrose 35, 37 . In humans, the intake of high sweet soft drinks and milkshake activates the striatum including the NAc 38 and VTA activation has been related to chocolate consumption 39 . Both the NAc as well as the VTA have been shown to demonstrate neuroplastic changes in response to drug and natural reward consumption 21, 22 . Moreover, recent rodent data show increased spine densities at the distal branch orders of the NAc shell neurons following a 12-week long-term binge-like sucrose consumption 4 . The NAc shell receives inputs not only from dopaminergic afferents that project from the VTA 12,40 but also from glutamatergic afferents from regions engaged during reinforcement learning like the basolateral amygdala and the hippocampus 41 . Thus, our findings may indicate that perpetual sugar consumption in the past in our overweight participants with higher sugar preference may have triggered neuroplastic white matter changes. Due to the cross-sectional nature of our study, we cannot rule out that our findings may rather represent a cause than a consequence of hedonic eating behaviour. Interestingly and in contrast to findings in overweight participants, in our normal weight sample we observed a trend towards lower mesolimbic connectivity to be associated with higher sugar preference. There is now evidence that frequently observed grey matter changes in overweight and obesity overlap with genetic vulnerability factors. It has been speculated that genetic effects on brain morphology and cognitive function, e.g. reduced prefrontal self-regulation, may promote hedonic overeating resulting in overweight and obesity 42 . Moreover, one recent study shows reduced NAc-thalamus white www.nature.com/scientificreports www.nature.com/scientificreports/ matter connectivity in non-obese carriers of obesity-risk alleles of the fat mass and obesity associated (FTO) gene indicating disruptions in mesolimbic white matter microstructure to be a potential, early predisposing factor for the development of obesity 28 . Thus, one could speculate that our findings indicate differential functional roles of white matter mesolimbic connectivity in individuals with and without overweight. While in normal weight www.nature.com/scientificreports www.nature.com/scientificreports/ individuals, lower connectivity may represent a (genetic) risk or vulnerability factor for hedonic overeating and obesity in the future 9, 43 , perpetual hedonic overeating in the past in now overweight and obese individuals may have triggered neuroplastic changes in the mesolimbic system.
Of course, this speculative hypothesis needs to be tested in longitudinal studies on larger data sets. In any case, our findings complement functional data on the critical role of mesolimbic brain structures in regulating hedonic eating behaviour which may be aberrant in overweight 9, 11, 12, 32, 44 . We did not observe overall altered sugar preference or VTA-NAc connectivity strength in our overweight sample. The few existing DTI tractography studies in the field of ingestive behaviour have produced mixed findings regarding the wiring within reward networks. While one study reported greater connectivity from regions of the reward network to cortical areas in an overweight compared to a normal weight group 24 , others found lower numbers of streamlines between the NAc and the rest of the reward network in obese individuals 26 . Inconsistent findings have previously also been reported for other DTI measures such as fractional anisotropy (FA), and been discussed as a potential consequence of competing metabolic processes affecting white matter integrity in overweight and obesity such as insulin resistance, inflammation and dyslipidaemia (for an overview see 45 . Given that most of our overweight participants were non-obese (14 out of 22) these factors might be less relevant here, but however cannot be ruled out due to sample size limitations. In addition, it may be possible that with increasing overweight, compensatory behavioural strategies like restrained eating may have diminished direct associations of weight with eating behaviour. Lower sugar wanting values in some overweight individuals may thereby result from the engagement of learned higher order cognitive strategies such as self-control and restrained eating accomplished to manage weight [46] [47] [48] . In this context, it would be interesting for future studies to include white matter mesocortico-limbic pathways and to combine these structural data with functional paradigms that are sensitive to self-regulation (e.g. by attentional manipulation of health considerations 48 ). Structure-function associations in this study were restricted to the mesolimbic pathway, while no significant interactions were found for the tract between the NAc and the LH. Very recent findings have indicated a critical role of this pathway as a negative regulator of feeding and reward 13, 14, 49 , even though, in contrast to the mesolimbic system, so far findings are restricted to rodents. It could be speculated that our behavioral paradigm was not suited to assess functions thought to be encoded by this pathway. For instance, tasks involving food (over-)consumption (e.g. ad-libitum eating task) and/or designs where participants' ability to regulate hedonic food intake can be assessed may be more appropriate to study structure-function associations in this context. In any case, our differential results further strengthen the specificity of findings on the role of the mesolimbic pathway for sugar preference as assessed in this study.
Finally, variability and weight-dependence in sugar preference might be reduced in the present study due to the fact that all participants were investigated after an overnight fast. This was done to rule out systematic effects of physiological state and food craving on neurobehavioral findings, on the other hand it may have lowered the effect of individual eating habits on food preferences 50 . Future studies in larger samples may be able to investigate the impact of potential modulating variables such as cognitive control, physical activity and metabolic factors.
White matter tractography is still the central computational reconstruction method when studying connectivity in the human brain non-invasively. Compared to a high sensitivity of this method as indicated by a strong overlap of reconstructed tracts with ground truth bundles, the specificity has been questioned given the high amount of observed invalid bundles within tractograms 51 . This should be considered when interpreting our results, even though our specific findings of structure-function associations depending on weight status when including the VTA-NAc but not the NAc-LH pathway and when including sugar but not fat wanting argue for a certain specificity of our results. www.nature.com/scientificreports www.nature.com/scientificreports/ In conclusion, our findings provide first evidence that individual differences in the motivation to consume sweet food is related to the structural connectivity within mesolimbic pathways and that this structure-function associations differs depending on current weight status. Mesolimbic wiring may thereby represent either a potential cause or consequence of hedonically driven food consumption which can promote overweight and obesity.
Materials and Methods
participants and study protocol. Data for this study were collected within a multimodal collaborative research project on ingestive behaviour and neural networks, in which participants from different weight and age groups were investigated using behavioural and neural measures. All younger individuals (age <35 years) in whom DTI data were acquired were included in the present study. General exclusion criteria comprised current or previous psychiatric or neurological disorders, chronic and acute physical illness including diabetes, current psychopharmacological medication as well as MR-specific exclusion criteria. No participant followed any specific diet at the time of the experiment. To exclude systematic confounds during food evaluation, severe food allergies and adherence to a vegan diet constituted further exclusion criteria. The study was conducted in accordance with the ethical principles of the Declaration of Helsinki and was approved by the Ethics Committee of the Medical Council of Hamburg. All participants gave written informed consent and were financially compensated for participation.
Forty-eight participants fulfilled the inclusion criteria. Three out of those, however, had to be excluded due to imaging artefacts which resulted in a final sample of 45 participants (22 women; mean age 25.80 years, SD = 3.19; mean BMI: 25.50 kg/m², SD = 4.73). Participants were sampled into groups with normal BMI scores (BMI: 18.5-24.9 kg/m², BMI norm , N = 23) or overweight BMI scores (BMI ≥ 25 kg/m², BMI over , N = 22). Groups did not differ with respect to age, sex, fasting glucose levels, fasting time and reported hunger (all p > 0.10; s. Supplementary Table 2 ). Hunger ratings were assessed immediately before the behavioural experiment started by using a ten-point rating scale from 0 (= not hungry at all) to 10 (= very hungry).
For the neural and behavioural measures reported in this study, participants were asked to arrive in the laboratory between 7.45 and 9.45 a.m. after an overnight fast of at least ten hours (mean fasting time: 12.99 hours, SD = 1.42). Fasting glucose levels confirmed fasting state in all participants (mean blood glucose: 4.83 mmol/l, SD = 0.38).
Normal HbA1C values confirmed the absence of diabetes in our sample (mean HbA1C: 4.95%, SD = 0.30).
Decision task about food consumption. During the experiment, participants were presented with 140 visual stimuli depicting food items (for a list of food items see Supplementary Table S1 ). All pictures had a size of 400 × 400 pixels and were presented on a white background. Please note that brain activity was measured during the behavioural task but is part of another project and will be published elsewhere. First, participants answered a binary question regarding whether they want to eat a mouthful of the displayed food at that very moment. Next, participants specified their respective decision on scales from one to four, indicating how strongly they want or refuse to consume each food (Fig. 1a,b) . Importantly, participants were informed that they would be offered and have to eat a mouthful of one randomly selected preferred food item after the experiment.
Diffusion tensor imaging.
Data were acquired on a 3 T whole-body MR system (TIM Trio, Siemens Healthcare, Erlangen, Germany) using a 32-channel head coil. Diffusion imaging was performed using simultaneous multi-slice acquisition (acceleration factor 2) with the blipped-CAIPI approach 52 . Each volume comprised 86 slices (thickness 1.5 mm, no gap) covering the whole brain with a FOV of 218 × 218 mm and a base resolution of 144 resulting in a voxel size of 1.5 mm 3 . 7/8 partial Fourier imaging was used. Sixty directions derived from a buckyball were acquired with a diffusion weighting of b = 1000 s/mm² interleaved with six images without diffusion weighting (b = 0 s mm 2 ) yielding a TE of 110 ms and a TR of 6600 ms. This acquisition was supplemented by two additional non-diffusion weighted images with inverted phase encoding direction. Additionally, an MPRAGE structural image (240 slices, voxel size 1 × 1 × 1 mm) was acquired for co-registration and anatomical overlay.
Data analysis. Behavioural data.
Behavioural data were analysed with Matlab R2016 (MathWorks) and SPSS Statistics 22 (IBM). To address our research questions, food items were analysed with respect to sugar and fat content (control condition). As a marker of sugar (fat) wanting, within-subject correlations were computed between the trial-wise 8-point rating and the sugar (fat) content of each item (see Results for details). Hereby, high correlations can be considered as a stronger willingness to consume food with high sugar (fat) content.
Diffusion imaging data. Diffusion data were preprocessed and analysed using FSL version 5.09 (https://www. fmrib.ox.ac.uk/fsl). To improve image quality, reference volumes with reversed phase-encoded blips were used to estimate and correct for the susceptibility-induced off-resonance field using TOPUP 53, 54 . Diffusion weighted images of each participant were corrected for head motion and eddy currents by registering diffusion images to the b = 0 s/mm² images 55 . Additionally, the B-matrix, which contains the diffusion gradient orientations, has been updated after applying head motion correction to improve fibre tracking 56 . Next, anatomical connectivity for each subject was estimated using the FMRIB's Diffusion Toolbox (FDT; http://www.fmrib.ox.ac.uk/fsl/fdt/index.html). The software module BEDPOSTX then allowed to infer a local model of fibre bundles orientations in each voxel of the brain. Up to two crossing fibre bundles were estimated in each voxel based on the b-values and the resolution of our data 57, 58 . Compared with single-fibre models, more reliable results can be expected from dual fibre models which can account for crossing fibres. Probabilistic fibre tractography was then computed in each subject's individual space, using the software tool PROBTRACKX2 with seed and target masks and estimating the most likely location and strength of the fibre pathway between the two areas [57] [58] [59] . The connection probability is represented by the number of tracts that reach a target voxel from a given seed. The parameters used for tractography were 5000 samples per seed voxel with a curvature threshold of 0.1, a step length of 0.5 and a maximum number www.nature.com/scientificreports www.nature.com/scientificreports/ of 2000 steps. Although measures derived from tractography do not directly represent fibre anatomy, they provide a valid measure of connectivity between areas 60 . Based on previous findings (e.g. 11 ) masks were created centred on peak voxels that were derived from meta-analyses conducted on the neurosynth.org platform in MNI-1 mm for the estimation of tract strength between VTA-NAc as well as NAc-LH pathways (LH: ±4 -4 -12; 2 mm radius; VTA: ±4 -14 -12; 4 mm radius; NAc ±12 10 -8; 4 mm radius, status July 2017). Tracking was performed in each individual's native space to which each mask was registered by a combination of linear and non-linear deformation fields. Visual inspection ensured that the location of masks was anatomically plausible. Masks served as both seeds and targets (see below).
The connectivity strength is approximated by the number of tracts from each seed that reached the target 23, 61, 62 . Tracking was performed in both directions for each pair of seed and target region and resulting connectivity measures were summed to obtain a single connectivity measure per pathway 62, 63 . Since there were no hypotheses on lateralization, the data of each pathway were collapsed across the hemispheres 64 . To account for a potential bias toward nearby connections, tractography results were adjusted by the length of the pathway as implemented in FSL. Finally, a connectivity index was calculated that reflects the mean connection probability of each voxel in the seed/targets of the respective tract. Specifically, the mean number of streamlines sampled per voxel was calculated by dividing the sum of streamlines across all voxels from a specific tract by the number of voxels in the individual seed and target masks of this tract (e.g. sum of streamlines for VTA ↔ NAc/number of voxels in individual VTA and NAc ROIs).
To assess the predictive value of NAc connections with the VTA and the LH for participants' sugar wanting, VTA-NAc and NAc-LH connectivity indices were entered as potential exploratory variables into multiple regression models for the prediction of individuals' sugar wanting. To evaluate the specificity of potential results on sugar wanting, we repeated our analyses using the fat content of the items as a control.
Data Availability
Behavioural data will be made available on figshare.com. Imaging data will be made available on neurovault.org. Custom code will be made available in a community repository (e.g. GitHub).
